Absrracr-Recent advances in propagation modeling, ionospheric diagnostics, and signal processing have helped overcome the limitations the ionosphere imposes on sea-state measurements with HF skywave radar. Wind-direction fields in tropical storms can be routinely mapped under most ionospheric conditions, but waveheight and wave-spectrum extraction is more sensitive to ionospheric distortions and requires care in signal processing and in selecting an ionospheric path. Spot measurements with a high-resolution radar have verified its ability to measure (in order of increasing dif€iculty) wind-direction fields, rms waveheight, and the scalar ocean-wave spectrum at ranges up to 3000 km using one ionospheric hop. Although such a radar can in principle map these quantities over millions of square kilometers of an ocean area, the time required to do so under various ionospheric conditions remains to be determined. A minimum objective of one map of rms waveheight per day seems attainable.
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I. HISTORICAL PERSPECTIVE
KYWAVE radars sense natural and man-made targets beyond the optical horizon by bouncing HF radio waves off the ionosphere. The first skywave radars were research instruments developed in the late forties and early fifties to study the structure and motions of the ionosphere itself, using echoes backscattered from the earth. Many researchers tried t o develop ground-backscatter radar into an operational diagnoseic tool for ionospheric mapping or HF frequency management, but because of problems in uniquely transforming radar signatures into ionospheric structure: such efforts have been largely abandoned. Consequently, the reviews of such applications by Hayden [ 11 and Croft [ 2 ] remain reasonably up-to-date. In the fifties, the prospect of detecting and tracking military targets (missiles, aircraft, and ships) with an over-thehorizon (OTH) radar -spurred a distinct and largely classified line of research that led to the construction in the sixties and seventies of large-aperture HF-OTH radar arrays by the major powers [31, 141, [511.
The subject of this review is the third and most recent application of skywave radar-sea-state monitoring-in which information about the wind and wave fields at the sea surface is derived from the sea-clutter echo that is regarded as noise in surveillance systems.
A sea-state radar need not employ an ionospheric (skywave) path. Indeed, the whole field of HF radar oceanography evolved from surface-wave experiments by Crombie the National Oceanic and Atmospheric Administration's (NOAA's) Coastal Ocean Dynamics Radar (CODAR) system. A pair of these compact transportable H F radars produces surface-current-vector maps out to 70 km from shore in nearreal-time [ 6 ] . Other surface-wave radars have been used t o measure rms waveheight, as well as the scalar and directional ocean-wave spectra [ 71. Because surface-wave radars present few remaining problems and are now virtually operational, only those problems unique to skywave systems will be addressed here.
It is the increase in single-radar coverage area from thousands to millions of square kilometers that prompts the use of ionospheric reflection with its attendant contaminations. Except for the effects of the intervening ionospheric reflections: the sea echoes received by skywave radars are identical to those obtained with surface-wave illumination. Initially, researchers were optimistic that the effects of imperfect ionospheric reflection could be easily predicted and controlled and that vast ocean areas could be monitored with a few judiciously located skywave radar stations [ 8 I , [ 91 . Some of this optimism dissipated when they discovered that, although wind-direction fields can usually be mapped, ionospheric degradation of the sea-echo spectrum often prevented the extraction of other important sea-state information, such as the rms waveheight. Therefore, progress in skywave sea-state radar development in the last five years might be characterized as a reassessment of the ionospheric problem and a marshalling of forces to deal with it. Renewed optimism about skywave radar now seems warranted because of four developments: 1) improved understanding of the spectral contamination caused by the ionosphere, b) an ability to derive optimum radar propagation paths from real-time ionospheric soundings, c). the availability of highresolution radar facilities built with defense funds, and d) the evolution of high-speed signal processing strategies t o deal with contaminated data.
THEORETICAL BASIS Crombie's observations
[ 5 1 stimulated wave theorists to construct better models of the interaction of H F electrcmagnetic waves with gravity waves on the sea surface. Their radar-cross-section models had t o explain not only the firstorder or Bragg-backscattering process that produces an echo with two sharp spectral lines but also the spectral structure of an observed weaker second-order continuum of echoes from double scattering by the sea waves. Barrick [ l o ] , [ 11 ] has produced the most comprehensive second-order model for the HF seaecho spectrum and its dependence on sea state, and his model has withstood numerous comparisons between experimentally measured sea-echo spectra and in situ sampling of ocean-wave parameters. According t o his model, two mechanisms contribute to the second-order continuum: one is actually single scattering from evanescent ocean-wave components that arise from nonlinear hydrodynamic inter-U.S. Government work not protected by U.S. copyright.
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Interpreting the properties of the first-order or Braggscatter features of the Doppler spectrum permits measurement of surface wind direction and surface currents, whereas analysis of the second-order contributions to the echo spectrum has led to methods for extracting rms waveheight and both the scalar and directional ocean-wave spectrum from measured sea-echo spectra. When waveheight measurements are coupled with suitable models for wind-wave generation, surface wind speed can also be estimated.
MEASUREMENT HIERARCHY
Some of the sea-state quantities just mentioned are relatively easy t o measure with an HF radar, whereas others, namely those derived from second-order echoes, require more care in removing noise and interference from the radar echo. Here we summarize the particular oceanographic quantities that an HF sea-state radar can measure, briefly describe how each quantity is derived from the sea-echo spectrum, and assess the particular problems that arise in making that measurement with a skywave radar (see Fig. 1 ).
A . Wind-Direction Fields
The short ocean waves (a few meters in length) that produce first-order, Bragg-resonant echoes at H F respond quickly to the driving wind, so that the resonant waves of maximum intensity travel in the direction of the surface wind.
If the directional pattern of these waves' response t o t h e wind can be modeled, then the wind direction can be determined (except for a left-right ambiguity with respect t o t h e radar beam direction) by matching that pattern to relative strengths of the Bragg echo from waves advancing and receding along the radar beam. (Brag-line echoes are virtually always obtained even from visually calm seas.) The first demonstrations of skywave radar for ocean monitoring produced maps of wind-direction fields derived from such measurements of Bragg-line ratios [12] , [131, [141, [151, ambiguity usually is easily resolved for tropical storms, whose circulation is known in advance [ 161, [ 171 ; for other weather patterns, the ambiguity can be resolved by enforcing continuity on the overall circulation pattern. Alternatively, two radars can resolve the ambiguity by measuring two wind-direction components.
Because the ratio of advancing to receding Bragg-line power remains relatively undisturbed by ionospheric multipath, such contamination is seldom a problem.
With a high-resolution radar, wind-direction fields can be mapped in such detail that tropical storms can be tracked with an accuracy that competes with satellite tcacking methods but at a fraction of their cost [ 181, [ 191. Inaccuracies in these wind-field maps come mainly from three sources: a) the difficulty of specifying an appropriate model for the directional spectrum of short wind-driven waves in any given meteorological situation, b) occasional problems resolving the left-right ambiguity inherent in the direction measurement, and c) inaccuracies in locating the radar cell caused by ionospheric tilts. Each of these problems contributes only minor errors, however, and skywave radar can routinely map wind-direction fields t o ranges between 1000 and 3000 km. 
B. Surface Currents
Because surface currents simply transport gravity waves (with minor complications introduced by current shear), the Bragg lines of the Doppler spectrum are simply shifted in frequency (from symmetry about zero Doppler) by an amount proportional to the radial (from the radar) current com- With a skywave radar, one kind of ionospheric contamination is a frequency shift of the seaecho spectrum caused by upward or downward motion of the reflecting layer, Such shifts are indistinguishable from a current-induced shift. Thus, unless the target sea area includes a zero-Doppler reference (such as land or a moored platform), surface currents cannot be extracted from skywave sea echoes. Maresca and Carlson [22] have reported near-shore cument'measurements with a skywave radar, but measurements of the spatial variability of ionospheric Doppler shifts indicate that surface currents probably cannot be measured more than a few tens of kilometers from a zero-Doppler reference. Further experiments are needed that use land echoes to measure the spatial variability of the Doppler shifts introduced by each kind of ionospheric layer (particularly sporadic-E).
C. rrns Waveheight
The single most useful descriptor of sea state .is the rms waveheight, the integral over all wavenumbers of the waveheight spectrum. But because typical first-order HF radar echoes are from 5-t o 15-m ocean waves whose amplitude can reach only a few centimeters before saturating, information about the higher (and longer) waves must come from the twice-scattered echoes. The double-scattering process includes the influence of ocean waves of all wavelengths, because the condition for double-interaction Bragg resonance requires only the sum of the two scattering wavenumbers to be a certain value [23] .
Several methods are now used t o derive the rms height of wind waves from the Doppler spectrum. Each explicitly identifies the first-and second-order portions of the Doppler spectrum and computes their power ratio. (Such waveheight algorithms are self-normalizing, in that they do not require measurements of absolute scattering cross section in the presence of unknown path losses.) The spectral resolution required to distinguish first-from second-order spectral features normally requires 50-100 s coherent-integration times, whereas much shorter integration may be used to measure Bragg-line ratios. One method uses a weighting function computed by Barrick [ 241 t o remove electromagnetic and hydrodynamic singularities from the second-order spectrum before computing the power ratio. This model uses either or both sidebands of the stronger Bragg line and predicts a dependence of rms waveheight on the square root of the (weighted) power ratio.
Another method, devised by Maresca and Georges [25] , assumes a power-law relation of the form
where k o is the radar wavenumber, k is the rms waveheight, and R is the (unweighted) ratio of second-to first-order spectral power in the stronger half of the spectrum. This power law applies only t o locally wind-driven waves and not to highly directional swell. Lipa et al. [26] give a similar power law for swell waveheight h, where r is a coupling coefficient that depends on the swell wavelength and direction. This formula is normally applied only to a swell whose period exceeds 9 s.
Applying such waveheight algorithms t o surface-wave spectra seldom presents any difficulty, Skywave spectra, on the other hand, often contain distinct multipath images of the sea-echo spectrum or are simply broadened to an extent that the necessary distinction between first-and second-order features is not possible, During the last few years, therefore, most of the advances in skywave sea-state radar have focused on ways t o increase signal-to-noise ratio and minimize the ionospheric degradation of sea-echo signals that prevents the distinction between the first-and second-order portions of the echo spectrum. These advances have come from improved ionospheric monitoring and signal processing algorithms described in later sections.
D. Surface-Wind Speed
Because the height of short wind waves responds quickly to surface winds, measurements of the rms waveheight can in principle be related t o surface-wind speed. The earliest attempts to establish such a relation compared direct wind speed measurements with skywave radar measurements of the -10 dB width of the sea-echo Bragg lines [ 271, [ 281. With 13-s sharp Bragg lines. Although Bragg-line width appeared to be correlated with surface-wind speed, the empirical formulas expressing the observed relation proved inconsistent with subsequent measurements. Furthermore, Bragg-line width responds as much to ionospheric effects as to the state of the sea.
Subsequent theoretical calculations of the response of the -10 dB width to various assumed ocean-wave spectra have shown that the relation between spectral width and surfacewind speed depends on the details of the assumed spectrum and its directional distribution (J. W. Maresca, personal communication 
E. The Ocean-Wave Spectrum
The most difficult information to extract from HF radar sea echoes concerns the frequency and directional spectrum of the ocean waves in a radar cell. According t o Barrick's model, the shape of the second-order sidebands that flank the first-order Bragg lines approximately replicates the shape of the scalar ocean-wave frequency spectrum [23] , [ 291, [30] . Therefore, to measure the scalar ocean-wave spectrum, a radar must accurately recover the detailed structure of at least one of these second-order sidebands. Again, such recovery is straightforward in narrow-beam surface-wave measurements, [3 11 but skywave measurements must avoid even small amounts of ionospheric contamination. Maresca and Georges [ 251 have obtained scalar wave spectra with a highresolution skywave radar via F1 and E, propagation, but a synoptic program of such observations is needed to establish how frequently the ionosphere will permit such measurements.
When a single second-order peak can be identified, even if the details of the rest of the spectrum are obscured, its frequency separation from the nearest Bragg peak can be used as an estimate of the dominant ocean-wave frequency present in the radar cell. Lipa [321, [33] first showed that directional information about ocean waves can be derived from the second-order spectral structure, if the directional and frequency spectra can be represented as separate multiplicative factors. Lipa and Barrick 1341 and Lipa e t al. [261 have subsequently shown that swell direction, height, and period can be derived from both skywave and surface-wave measurements when distinct longperiod (swell) peaks appear in the Doppler spectrum ( Fig. 6) . At present the measurement accuracy required to extract wind-wave directional information cannot be obtained with any regularity over skywave paths; only the most stable ionospheric layers, such as sporadic-E, would permit such accuracy.
IV. THE NATURE OF IONOSPHERIC CONTAMINATION
The phenomenology of sea-backscatter spectral contamination and its dependence on ionospheric conditions do not seem t o differ much from those of point-to-point transmiscoherent integration, waveheight increases that increase the sions, which have been much more extensively studied skywave radars discovered that the lowest ionospheric layers provide the most stable reflections, with sporadic-E (E,) layers giving spectra of quality (that is, sharpness) comparable with surface-wave spectra, and F2-propagated spectra experiencing the most distortion. Normal4 and F1 layers provide reflections of intermediate stability, but their presence cannot be relied on.
The spectral width of ground echoes or sea-echo B r a g lines (which are quite sharp in the absence of contamination) is used to quantify ionospheric broadening.
Using a radar with a 10" beam, Earl and Bourne [38] found that spectral widths of ground-backscattered signals were typically in the range 0.2 to 0.3 Hz for both E,-and F-propagated echoes. With an 0.5" beamwidth radar, however, Georges and Maresca [39] found average widths of about 0.1 Hz for F-layerpropagated echoes, and about 0.06 Hz for E,-propagated echoes. Thus, one observed difference between backscatter contamination and that measured on a point-to-point path is a dependence on the radar's beamwidth.
Because no useful operational radar can rely on the presence of the lower, more stable ionospheric layers whenever sea-state measurements are needed, techniques are being developed t o utilize F2-layer reflections much of the time, particularly for propagation to the longer ranges (ZOOO-3000 km). Dealing effectively with F2-layer contamination requires a sound conceptual and mathematical model of the contamination process.
A. Models
At least two approaches t o modeling F2 ionospheric spectral contamination have been taken. In one, a deterministic model of wavelike ionospheric irregularities was constructed, and the Dopper shift of ground-backscattered echoes was calculated by ray tracing 1401. The other approach models the ionosphere as an undulating perfect-reflecting surface whose properties are only statistically specified [ 391. Both models explain an observed increase in spectral broadening with an increase in either the radar's azimuthal beamwidth or the coherent-integration time used to compute a spectrum.
Initially, the contamination process was represented mathematically as a frequency-domain convolution of the sea-echo power spectrum with some simple frequency-domain path function, usually a Gaussian broadening or multiple discrete spectral lines to represent discrete multipath. This path function was equivalent to the power spectrum of a monochromatic transmission over the same ionospheric paths. The contaminated sea-echo spectrum is thus either a frequencysmeared version of the original or a sum of frequency-shifted attenuated images of the original. (Although frequency smearing and discrete multipath seem qualitatively distinct, the convolution model merely regards smearing as unresolved multipath.)
Unfortunately, a closer look at this model reveals that a convolution of amplitude, not power, spectra is a more ac-
Phase interference between multiple propagation paths gives rise to cross terms in the power spectrum (the square of a convolution) that preclude a simple deconvolution approach, unless care is taken to average over a sufficient number of samples of the same path configuration. Furthermore, nonstationarity in time of the path spectrum contributes spurious spectral structure that cannot be treated as simple multipath. These complications of the model explain why early attempts at deconvolution of the ionospheric contamination failed, but also provide the basis for other decontamination strategies, which will be described in Section VI.
The strategy used to correct or avoid such contamination depends on whether the ionospheric conditions that cause it can be diagnosed in time to adjust the radar's operating parameters. Ionospheric motions occur both on scales too small t o be diagnosed directly and also on larger scales that submit to real-time monitoring. The following two sections describe the different strategies that this dual view of the contamination makes necessary.
V. IONOSPHERIC DIAGNOSTICS AND PROPAGATION MANAGEMENT
Multipath propagation caused by large-scale ionospheric structure can be partly but not completely avoided in advance by judicious selection of the radar's operating frequency, range gate, and look azimuth. The optimum range-frequencyazimuth combination is not necessarily the one that gives maximum echo strength, but is instead the one that permits only one (preferably stable) ionospheric path. In general, paths that reflect near the bottom of an ionospheric layer, rather than penetrate deeply into it, produce less Doppler spreading. If more than one path is possible (for example, via both E and F layers, high-and low-angle rays, one and two hops), the number of two-way path combinations (each imposing a different D o p pler shift) multiplies rapidly. With real-time knowledge of the ionospheric layer structure, however, high-low-ray multipath and multiple-layer multipath can usually be avoided, but ordinary-extraordinary multipath (magnetoionic splitting) usually remains.
Periodic ionospheric soundings (near-vertical-incidence ionograms) above the radar can give a first-order picture of the layer structure, but such soundings apply exactly to the oblique radar path only if horizontal variations can be neglected. Optimum radar frequencies can be derived from such soundings with the aid of special transmissioncurve ionogram overlays similar to those used by HF communicators for many years, but modified to be parametric in radar range and to account for any obliquity in the sounding geometry (Fig.  2) .
In principle, such overlays can transform ionograms made over any oblique path to propagation conditions applying to any other range.
As a supplement to vertical-incidence ionograms, directional sweep-frequency-ground-backscatter soundings indicate ionospheric tilts, traveling disturbances and sporadic-E patches over the radar path, and permit adjustment of radar frequency, range, and azimuth to adapt to actual oblique propagation conditions [421. In one research radar system [SRI's Wide Aperture Research Facility (WARF)]
, steep-incidence and oblique-backscatter ionograms are produced alternately every five minutes during sea-state measurements (Fig. 2) .
At present, propagation management is a manual process that demands real-time human decisions. Although diagnostic procedures can be speeded up and somewhat automated, skilled interpretation of ionospheric soundings will probably be required for some time.
Besides describing the ionospheric transmission path in real time, a skywave radar system must also monitor contemplated radar frequencies to avoid interference to and from other services. The photograph at the lower right shows the WARF receiving station with the ionograms displayed in real-time by a facsimile recorder. differences in the spatial and temporal scales that characterize changes in the sea surface and the ionosphere. Often the average condition of the sea surface that we call the sea state remains unchanged in the open sea for several hours in time and many tens of kilometers in space. On the other hand, the configuration of ionospheric ray paths can change in a few minutes in time and a few kilometers in space. Therefore, a radar can see different distorted pictures of the same average sea state. There are two kinds of strategies for dealing with the distortion: one is t o avoid it, for example, by searching for the least distorted sample, the other strategy attempts to find the common feature in all the pictures, namely the unchanging sea state.
A. Reducing Sampling Errors
Because the ocean surface and thus the radar echoes from it are random processes, the seaecho spectrum derived from a single sample radar record contains large fluctuations and therefore little information about the average spectrum of the process from which it is drawn. Incoherent (power) averaging over a number of independent sea samples (having the same sea state or average properties) is required to reduce the variance of spectral estimates t o usable levels [43], [ 5 4 ] . With surface-wave measurements, this averaging process is straightforward because sequential time records of the required number and length can easily represent independent samples of the same sea conditions. The short-term variations of the ionosphere make the incoherent averaging process more difficult for skywave measurements because adjacent radar cells (in space or time) may include different spectral contaminations from the ionosphere. If such spectra are indiscriminately averaged, a low-variance spectrum may be obtained, but it will not accurately represent the average sea-echo spectrum or any simple contamination thereof.
The problem is to find a way to obtain several independent samples of the sea echo over adjacent (in space or time) ionospheric paths that all introduce essentially the same form of spectral contamination (in amplitude but not phase). Then, deconvolution and other multipath-removal schemes can be successfully applied to the average spectrum. Even better, if a small ensemble of adjacent radar cells can be found (with automatic searching schemes, for example) in which the ionospheric contamination happens momentarily to be negligible, then the resulting average spectrum accurately represents the sea-echo process. Acquiring many such adjacent samples simultaneously requires very high radar resolution (cells no larger than a few kilometers) in range and azimuth and a method for distinguishing changes in path contamination from random spectral fluctuations. Such methods are now under development.
B. Slowly Varying Frequency Shifts
One kind of contamination, in which the ionospheric frequency shift varies slowly with space or time, can be tolerated within an ensemble of spectra to be averaged, because such relative shifts are readily removed, as long as they do not change significantly over the spectral integration time. Ionospheric frequency shifts are typically within f0.5 Hz for F-layer propagation and iO.l Hz for sporadic4 propagation [38] . As long as ocean currents are not of interest, the wave and wind information to be extracted from a sea-echo spectrum is unaffected by such spectral shifts. The absolute shift correction is therefore unimportant, as long as all the corresponding Bragg lines are shifted to the same value before averaging. Usually the peak Bragg frequencies of individual spectra accurately indicate the spectral shift, as long as enough spectral smoothing (such as provided by a time-series window) is used. Experiments show significant sharpening of spectra averaged after shifting, compared with those averaged without shifting.
C. Spectral Renormalization
Because unknown path-loss fluctuations accompany the echoes from different radar cells, the corresponding Doppler spectra exhibit spatial and temporal fluctuations in overall level. If such spectra were averaged without renormalization, the contributions of the component spectra to the average would be randomly weighted, possibly permitting the average to be dominated by a few strong spectra. Since the purpose of averaging is to reduce the variance of the spectral estimates within some band of interest, a renormalizing method is needed by which the unknown path-loss factors can be estimated and removed, using only information available from the Doppler spectra themselves.
Estimating path-loss factors using peak spectral values or total spectral power can introduce even more fluctuations into the spectral weighting than no renormalization. In a relatively simple but effective method called logarithmic renormalization, the relative path losses are estimated by the geometric mean of all the power spectral values within some band (usually about 20.4 Hz) about the dominant Bragg line. The variance reduction achieved by logarithmic renormalization is only slightly less than that achieved by a much more complicated iterative variance-minimization scheme [ 4 1 ] , [ 5 5 ] .
D. Deconvolution
Attempts to model explicitly and remove multipath contamination from spectra, based on a simple convolution model of the contamination process (Section IV) have so far not been very successful. Standard deconvolution methods work only if the convolving function (the path contamination spectrum in this case) can be guessed accurately and if the signal is not degraded by noise. When simple two-path contamination is evident, for example, the path spectrum can be successfully approximated by two impulses, but how well deconvolution works depends on how many samples of the same contamination can be incoherently averaged to reduce the random spectral fluctuations.
More sophisticated "homomorphic" deconvolution methods [44] , in which the convolving function need not be known, have been applied t o skywave spectra, but with little success, again primarily because of spectral fluctuations. The success of such deconvolution schemes seems t o hinge on finding ways to form low-variance estimates of the sea-echo spectrum as contaminated by the same path function.
E. The Minimum-Envelope Method
A simplified form of deconvolution can be applied if several low-variance spectra can be formed, each representing a different multipath contamination but the same sea state. If fluctuations caused by phase interference are reduced to a negligible level by averaging, then multipath contamination appears entirely as unwanted power added to the uncontaminated spectrum. Power appears in all the spectra at the frequencies corresponding t o t h e average sea-echo spectrum, but power added by multipath appears at different frequencies in each multipath realization. Therefore, after suitably superimposing the ensemble of spectra, a minimum envelope can be constructed that approaches the common spectral features (i.e., the sea-echo spectrum) and rejects the features that differ among the ensemble (i.e., the contamination). This method has also been called a "cookie cutter," because the effect is the same as though each average spectrum were made into a cookie cutter and successively applied to the same piece of dough. The resulting "cookie" represents the decontaminated spectrum. This method appears to produce satisfactory results under some experimental conditions. Its reliability depends on the character of the contamination and the number of realizations of a given multipath configuration that can be averaged and that is currently being analyzed.
F. Sorting
The first attempt to deal with ionospheric contamination by sorting appears to be Stewart and Barnum's [27] method of selecting the sharpest spectra from a daily ensemble, on the assumption that broader spectra were ionospherically contaminated and that only the sharpest ones accurately reflected second-order broadening. Although many more sophisticated methods for modeling and removing the ionospheric contamination have been investigated since then, such sorting procedures, based on avoiding rather than removing the contamination, still appear to be among the most effective signal-processing strategies. Refined sorting schemes now employ an objective sharpness index [ 3 9 ] that permits automatic selection of data subsets least likely t o be contaminated (Fig. 3) . The principal problem with sorting is the possibility of bias in whatever quantity (waveheight, for example) is estimated from the data subset, so that care is necessary when that quantity is correlated with spectral sharpness. Fig. 3 . A quality index derived from equivalent spectral width can be used to automatically sort sea-echo spectra. Each spectrum shown here is an average of 84 individual spectra measured simultaneously over a 60 by 60 km radar grid. The upper spectrum is too broadened by ionospheric multipath to permit separation of first-and secondorder features, whereas the lower spectrum, obtained 6.8 min later, can be successfully analyzed for rms waveheight. The difference between-the two is quantitatively indicated by the averageequivalent width (W) of the 84 component spectra In general, if an ensemble of spectra has an average equivalent width less than about 0.03 Hz, its average is likely to be of sufficient quality for waveheight analysis.
C. Adaptive Searching Schemes
Radar signal processing usually refers t o what you do to the receiver's output after the radar's operating parameters have been determined. However, when the signal's quality varies with these parameters, it is useful t o provide real-time feedback between a quality decision (which may be made after some signal processing) and the choice of radar parameters. In sea-state monitoring with skywave radar, a computed spectral sharpness index [39] can be used to guide an automatic search over a limited range-azimuth-time space, until enough data of sufficient quality are obtained. Without such feedback, a radar operates blindly and can waste valuable time in cells where the ionospheric contamination is momentarily unacceptable or in cells where enough good data have already been obtained. However, designing a grid-scanning strategy requires advance knowledge of the spatial and temporal correlation of spectral quality under various ionospheric conditions, and such measurements have yet to be made.
Such adaptive searching schemes, currently under development, will permit the first valid assessment of the limitations that the ionosphere imposes on data collection. A more elaborate operational scheme might employ two or more independent radars to divide up the searching and datacollection functions,
H. Nonclassical Spectral Estimation
The requirement that second-order spectral structure be resolved dictates a coherent integration time of at least 50 s, when a classical spectral estimator such as the fast Fourier transform (FFT) is used. Because ionospheric changes can be significant over such an integration time, spurious spectral structure can arise from the nonstationarity of the radar echo ("temporal multipath"). Recently developed nonclassical spectral estimators, particularly the maximum entropy method (MEM), have offered the promise of spectral resolution greatly exceeding that available from an FFT, for a given record length [45]. Consequently, a number of workers in sea-state radar have investigated the properties of MEM spectra ( a l lpole models) derived from short radar data sets.
Although Bragg frequencies can be accurately measured with the MEM, attempts to recover accurately the shape of the first-and second-order spectra, or even their relative powers, have generally led to disappointing results. Evidently, the method very accurately estimates the frequencies of multiple sinusoids in additive noise, but it fails to reproduce the spectral shape of broadened signals. In an all-pole model, the power attributed to each pole is closely related t o t h e sharpness of the spectrum of that pole, so that power and sharpness cannot vary independently. If a spectral feature contains a relatively large amount of power, the MEM will necessarily represent it by a very sharp spectral line, even though the actual feature may be broader.
Another problem with MEM is that no one yet understands the relation between spectral confidence limits of MEM estimates and the number of poles used to model the process (that is, the number of prediction filter coefficients).
So far, MEM does not appear to provide any processing advantage over an FFT for extracting spectral shape. It may, however, prove a useful tool for accurately estimating Bragg frequency shifts for current measurements. At present, the problem of ionospheric frequency shifts during an FFT integration time appears 2 O , contaminated spectra will be obtained most of the time in which F-layer reflections are used, and beams as small as 0.5' offer significant reduction of contamination.
Frequency-modulated continuous-wave (FM-CW) radars offer significant signal-to-noise improvements in sea-echo spectra because of their 100-percent duty cycle, compared with the typical 1-2 percent of pulse radars. Other advantages include a relative immunity to interference from (and to) the crowded HF spectrum Digital recording of demodulated radar data is now preferred over the analog tape recording sometimes used because wow and flutter of analog machines are seldom low enough t o prevent Bragg-line broadening and masking of secondorder spectral structure, which may lie less than 0.1 Hz away from a Bragg line and be 10 dB down from it. For similar reasons, master-oscillator phase stability has been found t o be a critical factor in determining the frequency resolution in both surface and skywave radar systems. et al. [26] describe some recent WARF measurements of rms waveheight and oceanwave spectra at 1600-km range in the north Pacific. In addition, some U.S. work continues at the Naval Research Laboratory east-coast facility described by Headrick and Skolnik [3] . Future measurements will employ the ITT 1.24-km White House receiving array [ 21 for improved resolution in attempts to measure offshore currents using sporadic-E reflections (D. B. Trizna, private communication, 1979) .
VIII. ACTIVE EXPERIMENTAL PROGRAMS
In the United Kingdom, a joint program between the University of Birmingham and the Appleton Laboratory operates a monostatic pulse radar near Swindon in southwest England. This facility uses a single 49-element steerable array with nominal 6' beamwidth that can look either eastward or westward. Recent results are described by Shearman et al. [491. A French program at the Universite de Paris uses a monostatic pulse radar in southeastern France to look northward into the North Sea. The transmitting antenna has a nominal beamwidth of IO', and a separate 32-element receiving array has a nominal 4.5' beam (both measured at 10 MHz) steerable over k36 ' (J. Delloue, private communication, 1979 Finally, the Australian government is constructing a large and powerful skywave defense radar near Alice Springs in central Australia to monitor ship traffic in the waters north of the continent [4] . Known as Project Jindalee and directed by the Defence Research Centre Salisbury, the bistatic FM-CW radar wiU closely resemble the SRI WARF system but will be at least ten times as powerful. Wind-direction measurements have already been carried out with a prototype radar, and a sea-state monitoring capability w i l l be developed as a secondary radar mission.
Efforts to determine whether the Soviet Union is using any of its HF-OTH radars for sea-state studies have not been successful.
IX. RECENT SIGNIFICANT RESULTS
The following results obtained with the SRI WARF system demonstrate the measurement capabilities now possible with a high-resolution skywave radar.
A. Tracking Tropical Storms
Mapping wind-direction fields finds one of its most useful applications in locating and tracking tropical storms [52] (Fig. 4) . Many such wind-direction maps can be produced in a 24-hour period, so that the storm center can be tracked in near-real-time. Errors in locating a storm's center seldom exceed 40 km and result mainly from inaccuracy in locating the radar cell (caused by ionospheric tilts and correctable with reference transponders) and from uncertainty in locating the center of rotation of the vector field. 
B. Measuring rms Waveheight and Scalar Ocean-Wave Spectrum
Waveheight and wave-spectrum measurements by skywave radar can be verified by comparing them with simultaneous buoy measurements of the same quantities. Fig. 5 shows such a comparison during the passage of a cold-weather front past NOAA data buoy EB-20 in the north Pacific Ocean. At present, the estimated errors in both the buoy and the radar measurements are larger than the disagreement between the two.
C. Swell Measurements
Swell is the very directional, long-period remnant of wind waves generated by distant storms at sea. When the height of short wind waves is small, and swell dominates, the secondorder Doppler spectrum sometimes reveals distinct "swell peaks" very close to the Bragg lines. Because the direction of swell travel is unrelated to that of the short locally driven wind-waves in a radar cell, the amplitude ratio of inner to outer second-order swell sidebands can be reversed relative to that predicted for wind waves. This inverted ratio can be regarded as a swell signature (Fig.  6 ). Resolving these peaks 0 with a skywave radar usually requires very stable (E,) monitoring thermal pollution by power plants, and studies of fish-egg transport and beach erosion.
Skywave radars can illuminate millions of square kilometers of open ocean to watch for developing storms and to monitor regions of high seas, not only for the benefit of fishing and shipping interests, but also to permit more accurate forecasts of coastal storm damage. For example, a single radar station in Tennessee, with two antenna systems for looking southward and eastward, could monitor and track most of the hurricanes that threaten the U.S. Gulf Coast and the eastern seaboard.
Orbiting sea-state sensors, when they become available, will complement surface-based radars, in that each is designed for different coverage. Restricted by their orbital dynamics, satellites provide coarse global coverage, often in areas inaccessable to surface sensors! whereas ground-based radars can provide detailed local coverage and continuously monitor areas of special interest.
For several years, the central question about skywave sea-state radar has been, "What fundamental limitations does the ionosphere impose on sea-state measurements?" or more simply stated, "Will skywave sea-state radar work?"
We now know that we can map wind-direction fields with whatever spatial resolution we want to build into our radars.
On the other hand, it appears that we will not soon be able to measure full wave-directional spectra routinely. The usefulness of skywave radar thus seems to hinge on its ability t o routinely measure rms waveheight and, less frequently, the scalar ocean wave spectrum.
Only five years ago the prospects for routine waveheight measurements were bleak, based on the measurements of a few broad-beam radars that used inadequate ionospheric diagnostics and primitive signal-processing methods. Today, the ability to measure rms waveheight using F-layer reflections has been demonstrated in a number of experiments, so that the major remaining question is what spatial and temporal coverage the ionosphere will permit. In view of present spot-measurement capabilities, we can expect an adaptive searching strategy to fill a radar sector with waveheight measurements at least once a day. The experiments now being implemented to establish these coverage limitations more precisely could not be successfully performed without the full complement of diagnostic and signal-processing tools that have marked the progress over the last few years.
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